Strong magnetic pair breaking in Mn substituted MgB2 single crystals 
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Magnetic ions (Mn) were substituted in MgB2 single crystals resulting in a strong pair-breaking 
effect. The superconducting transition temperature, Tc, in Mgi_a;Mna;B2 has been found to be 
rapidly suppressed at an initial rate of 10 K/%Mn, leading to a complete suppression of supercon- 
ductivity at about 2% Mn substitution. This reflects the strong coupling between the conduction 
electrons and the 3d local moments, predominantly of magnetic character, since the nonmagnetic ion 
substitutions, e.g. with Al or C, suppress Tc much less effectively (e.g. 0.5 K/%A1). The magnitude 
of the magnetic moment (~ 1.7 fiB per Mn), derived from normal state susceptibility measurements, 
uniquely identifies the Mn ions to be divalent, and to be in the low-spin state {S = 1/2). This has 
been found also in X-ray absorption spectroscopy measurements. Isovalent Mn^^ substitution for 
Mg^"*" mainly affects superconductivity through spin-flip scattering reducing Tc rapidly and lowering 
the upper critical fleld anisotropy H^2/Hc2 at T = from 6 to 3.3 {x = 0.88% Mn), while leaving 
the initial slope dHc2/dT near Tc unchanged for both field orientations. 



PACS numbers: 74.70.Ad, 74.62.Dh, 74.25. Ha, 74.25.0p 



o 

> 

(N 
(N 
O 

o 

-I— > 



I 

O 

o 



X 



I. INTRODUCTION 

In conventional superconductors magnetic interac- 
tions and magnetic impurities are generally destruc- 
tive to superconductivity.^'^ However, when the interac- 
tion is weak and of an antiferromagnetic (AFM) type, 
both magnetism and superconductivity can coexist as 
in classicf^i^ heavy fermionj^ and high-temperature 
superconductorsAi^ Moreover, in some unconventional 
quantum systems, such as Sr2Ru04 (Ref. 0), UGe2 
(Ref. Iioi) . and ZrZn2 (Ref. ITlh . superconductivity ap- 
pears to be mediated by magnetic interactions. Within 
this context, studies of the interaction between magnetic 
impurities and superconductivity in the unconventional 
two-gap superconductor MgB2 emerge as an important 
task. 

Shortly after the discovery of 40-K superconductivity 
in MgB2,^^ the intensive studies of its electronic struc- 
ture revealed that this compound is a two-gap multi- 
band superconductor with two-dimensional (2D) cr-band 
and three-dimensional (3D) 7r-bandii2ii^iiS4i& The high 
superconducting transition temperature, Tc, is mainly 
associated with the cr-band, and T^. depends on both 
the electron (hole) doping intensity, which changes the 
Fermi level and the Fermi surface geometryjiLiSiiS and 
the interband scattering, ^"■^^•^^■^'^ which may also influ- 
ence the anisotropy^iS^ On the other hand, as in con- 
ventional superconductors, T^ is expected to be affected 
by the pair-braking effect caused by magnetic impuri- 
ties or substitutions that suppress superconductivity due 
to the exchange interaction between conduction elec- 



trons and magnetic moments of the substituted ionsi2£ 
The magnetic pair-braking effect has been studied in- 
tensively in classioSLSSiSSiSSiSiiSSi^ and high-temperature 
superconductorSf^^i^^iSSiSLSS however this effect has re- 
mained almost untouched in more exotic superconduc- 
tors, particularly in two-gap multi-band MgB2, where 
only two reports on such studies has been publishedi22iS& 
The main goal of this work is to study the influence of 
magnetic Mn-ion substitutions on the normal-state and 
superconducting properties of high-quality MgB2 single 
crystals. The results are analyzed and discussed in the 
context of nonmagnetic ion substitutions that affect su- 
perconductivity considerably less. 

In conventional superconductors the substitution of a 
small amount of magnetic impurities destroys supercon- 
ductivity but the addition of nonmagnetic ions is rather 
harmless. In unconventional multi-band multi-gap super- 
conductors, both magnetic and nonmagnetic impurities 
may affect superconductivity in a similar way, depend- 
ing on intraband and interband scattering. An enor- 
mous activity in experimental and theoretical studies has 
been performed to explain the puzzling behavior of the 
multi-band two-gap superconductor MgB2 substituted 
with nonmagnetic ions. Here, the m ost intensively stud- 
ied substitutions are Al for Mg (Ref . '39*4^41*45'4?) and 
C for B (Ref. .44.45„46..47.) : both fill the MgBz hole-bands 
with electrons and also introduce scattering centers that 
may act in different ways. In spite of this great exper- 
imental and theoretical effort, the superconducting and 
normal-state properties of MgB2 substituted with mag- 
netic ions have been investigated briefly and in polycrys- 
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talline materials i^Sii^iSfli^ Concomitantly to this work, 
the Mn-substituted MgB2 crystals from the same batches 
have been studied by a point-contact spectroscopyi^ 

In this study we focus in detail on the crystallo- 
graphic, magnetic, and superconducting properties of 
Mn-substituted MgB2 single crystals. We report a rapid 
reduction of the superconducting transition temperature 
Tc due to the magnetic ion substitution and, in contrast, 
a moderate influence of Mn on a temperature depen- 
dence of the upper critical field, Hc2, and the critical 
field anisotropy 7 = H^2/H^2- ^ central question in 
the discussion on the influence of Mn on superconduct- 
ing properties of MgB2 is the valence state of Mn and 
the spin configuration of its d-electrons. We have stud- 
ied the magnetic state of Mn by measuring the normal 
state magnetization and the X-ray absorption involving 
the 3c? electrons. All modifications of the superconduct- 
ing properties are consistent with strong magnetic pair 
breaking by Mn^+ ions with S = 1/2. 



II. EXPERIMENTAL 

Single crystals of Mgi_a:Mna;B2 have been grown un- 
der high pressure using the cubic anvil press. A mixture 
of Mg, Mn, B, and BN is placed in a BN crucible in a 
pyrophyllite cube. (For example, the Mg:Mn:B:BN ratio 
of 9.5:0.5:12:1 results in crystals with 2% of Mn substi- 
tuted.) The inner diameter of the crucible is 8 mm, and 
its length is 8.5 mm. The heating element is a graphite 
tube. Six anvils generate pressure on the whole assem- 
bly. The typical growth process involves: (i) increasing 
of pressure up to 30 kbar, (ii) increasing of temperature 
up to 1960 °C in 1 h, (iii) dweUing for 0.5-1 h, (iv) low- 
ering the temperature and pressure in 1 h. As a result, 
Mgi_2;Mn2;B2 crystals sticking together with BN crystals 
have been obtained. Using this method, Mgi_j;Mn2;B2 
crystals up to 0.8 x 0.8 x 0.1 mm'' have been grown. The 
phase purity of the crystals has been confirmed by X- 
ray diffraction. The Mn content has been determined by 
energy dispersive X-ray (EDX) analyses. For all Mn sub- 
stitutions from 0.4 to 7 %, the crystals are single phase 
and homogenous, at least within ±0.04% of Mn content. 

The lattice parameters of Mn-substituted crystals were 
determined by a four-circle single crystal X-ray diffrac- 
tometer Siemens P4 with molybdenum Kai radiation. A 
set of 32 reflections recorded in the range of 20 angle 
(15° < 28 < 32°) was used to calculate the unit cell pa- 
rameters. Detailed structure analysis was performed for 
several Mgi_a;Mna;B2 single crystals with Mn content up 
to X = 0.07. Measurements were carried out on a Bruker 
SMART CCD system with molybdenum Kai radiation. 
The refinement of Mgi_2;Mna;B2 structure with Mn on 
Mg position was successful and no phase separation was 
observed 

Magnetic properties in the normal and superconduct- 
ing states were investigated by magnetic moment mea- 
surements performed as a function of temperature and 



field with a Quantum Design Magnetic Properties Mea- 
surement System (QD-MPMS) equipped with a 7 T su- 
perconducting magnet. Individual crystals with a mass 
of about 25 /ig as well as a collection of 25 crystals with 
a mass of 847 fig were studied to obtain more reliable 
quantitative results. In order to determine the upper 
critical field, the magnetic moment M was measured 
at constant field upon heating from the zero-field-cooled 
state (ZFC mode) or the field-cooled state (FC mode), 
with a temperature sweep of 0.1 K/min. Occasionally, M 
was also measured at constant temperature with increas- 
ing field, using the step-by-step option. Complementary 
torque measurements were performed to obtain the up- 
per critical field properties at higher fields. The torque 
T = MxBwMxH was recorded as a function of the an- 
gle between the applied field and the c-axis of the crystal 
for various fixed temperatures and fields. For the torque 
measurements, a QD Physical Properties Measurement 
System (QD-PPMS) with torque option and a maximum 
field of 9 T was used. For details of torque measurements 
see Ref. Hi 

X-ray Absorption Spectroscopy (XAS) measurements 
on the 2p to 3d absorption threshold of Mn impurities 
in MgB2 single crystals have been performed on the 
beam line BACH at "Elettra" synchrotron (Trieste) 
The spectra have been collected both in Total Electron 
Yield (TEY) and Total Fluorescence Yield (TFY) at 
room temperature. The TEY technique measures the 
photoconductivity of the sample as a function of the in- 
coming photon energy, this quantity is directly related 
to the optical absorption cross section. This method is 
sensitive to the first 50 A of the sample, which means 
that the contamination of the surface could affect the 
shape of the spectrum. The TFY method measures the 
integrated intensity of the fluorescence decay 3d^2p as 
a function of the incoming photon energy. This quantity 
is usually not one to one related to the optical absorp- 
tion cross section because of self absorption and satu- 
ration phenomena. These phenomena are less important 
when the fluorescent ion is present at low concentrations, 
which makes TFY particularly suitable for studying the 
absorption spectra of diluted solutions or impurities in 
crystalsi^ The main advantage of TFY is the bulk sen- 
sitivity, probing the flrst 200 nm of the sample. On the 
other hand, TFY is experimentally more demanding, re- 
sulting in a longer acquisition time and a poorer resolu- 
tion. 



III. RESULTS AND DISCUSSION 

In Fig. n we show the lattice parameters c and a versus 
Mn content for Mgi_a;Mna;B2 single crystals with x from 
to 0.067. A significant hnear decrease of 4-10"^ A/%Mn 
of the c-axis parameter with substitution is observed. 
Much weaker substitution effect on the c-axis param- 
eter was found for nearly single-phase polycrystalline 
Mgi_2;Mna;B2, where the Mn content was taken as the 
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FIG. 2: Normalized magnetic moment M versus temperature 
for the Mgi_a;Mna;B2 single crystals with various Mn content 
X. The measurements were performed in a field of 0.5 mT, 
after cooling in a zero field. The superconducting transition 
temperature Tc is marked by a solid arrow and the transition 
onset temperature Tco by a grey arrow. Crystals with a sharp 
transition (closed circles) were selected for further studies. 



FIG. 1: Lattice parameters c and a versus Mn content 
X (determined with EDX) for Mgi_a:Mni,B2 single crystals 
(closed symbols, solid lines). The crystals are superconduct- 
ing for X < 0.02. The solid lines are linear fits to the data. 
The dashed lines represent the lattice parameters for Al- 
substituted crystals4- 



nominal content and thus could be overestimated!^ The 
variation of the a-axis parameter with x is much smaller. 
Similar behavior of c{x) and a{x) was reported for Al- 
substituted crystals^^ and for Co- and Cr-substituted 
polycrystalline materials42i^ The distinct contraction 
of the MgB2 unit cell along the c-axis observed for our 
substituted crystals indicates that Mn enters the crystal 
structure. Similar conclusion has been also derived from 
the single crystal X-ray investigations where it was possi- 
ble to refine the Mgi_a;Mn2:B2 structure with Mn on Mg 
position only. Considering the contraction of the unit cell 
with Mn substitution, a simple comparison of the ionic 
radii of Mg and Mn suggests that the effective valence 
state of Mn can be 3-1- with low-spin as well as high-spin 
configuration or 2+ with low-spin configuration only. As 
we will show later, the magnetic and X-ray absorption 
studies reveal that the Mn ions substituted for Mg are 
divalent and in the low-spin configuration. 

The superconducting transition temperature was de- 
termined from the magnetic moment measurements per- 
formed as a function of temperature in a 0.5 mT dc field 
in ZFC mode. As an example, the M(T) results for crys- 
tals with various Mn content are shown in Fig. |21 The 
effective transition temperature and the onset tem- 
perature Tco were defined as illustrated in the Figure. 



A broad transition to the superconducting state for the 
crystal with x = O.OIl is included to clearly illustrate 
the definitions. A difference ATc — Tco — Tc is identified 
with the sample quality and it varies from O.I to 2.5 K at 
0.5 mT, depending on the Mn content and synthesis con- 
ditions. Crystals with ATc{Q.5 mT) < 1 K were selected 
for further studies. 

Magnetic moment versus field has been measured 
to examine shielding effects and to estimate an upper 
limit of the superconducting volume fraction for Mn- 
substituted crystals. Virgin magnetization curves M{H) 
were obtained at low temperatures for the Mgi_j:Mna;B2 
crystals with x = 0.0088. For a crystal with a mass of 
23.5 (±0.5) fig and dimensions 0.55 x 0.35 x 0.045 mm^, 
the superconducting volume fraction / = 0.96 (±0.04) 
was derived at 10 K (T < 0.5Tc) with a demagnetiz- 
ing factor n — 0.06 for H parallel to the main sur- 
face of the crystal. This confirms full diamagnetism of 
the Mn-substituted crystal certifying its good quality. 
First deviation from the linear part of the M{H) virgin 
curve was used to roughly estimate the lower critical field 
HoHci — 19 and 12 mT at 4.5 and 10 K, respectively, for 
H parallel to the a6-plane. These values signify the up- 
ward curvature of the Hd versus T dependence (above 
10 K) and are similar^'' or much loweri^^iS than those 
observed for unsubstituted MgB2. 

The superconducting transition temperature system- 
atically decreases with Mn substitution resulting in a 
complete suppression of superconductivity at x ~ 0.02, 
as shown in Fig. |3| The suppression is faster than lin- 
ear in the whole range of doping and can be described 
by the magnetic pair-breaking effect. According to the 
Abrikosov-Gor'kov (AG) pair-breaking theory the inter- 
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FIG. 3: Suppression of Tc with Mn substitution for 
Mgi_a;Mni,B2 single crystals with a sharp transition to the 
superconducting state (see Fig. |5J . The solid line is a poly- 
nomial fit to the experimental points. The dashed line shows 
Tc{x) predicted by the A-G pair- breaking theory. The inset 
shows Tc versus the lattice parameter c. For clarity, only two 
error bars are shown. 



FIG. 4: Variation of Tc for MgB2 single crystals substituted 
with nonmagnetic (Al, C) and magnetic (Mn) ions. The most 
striking result is a rapid suppression of Tc due to the substitu- 
tion of isovalent Mn for Mg. The main part of the results on 
Al- and C-substituted crystals has been published in Ref. |43 
and l47l respectively. 



action of magnetic impurities with conduction electrons 
may break the time-reversal symmetry of the Cooper- 
pairs and result in a rapid decrease of Tc with the con- 
centration of magnetic ions xm^ The reduced Tc{x) is 
weh described by the relation ln{tc) = 'I'(^) - ^{^ + 
O.Utca/acr), with = Tcix)/Tc{0)& ^{z) is digamma 
function, and a/acr is the normalized pair-breaking pa- 
rameter which is identical to xjxcr-, where the con- 
centration of magnetic impurities required to supperss 
Tc to zero. The dependence of Tc(a;)/Tc(0) as a func- 
tion of x/xcr follows an universal relation. For small x, 
Tc{x) changes roughly linearly and drops more rapidly 
for X closer to Xcr- For the Mn-substituted MgB2 crys- 
tals, we found a very similar dependence (see Fig. I^J, 
however a small deviation from the A-G curve seems to 
be present. This possible deviation could be a result of 
unconventional two-gap superconductivity, where the in- 
terband scattering, which may grow with the amount of 
substituted magnetic ions, is postulated as an additional 
mechanism that reduces Tc i^SiSiiSSiS^ 

The rapid decrease of Tc caused by Mn ions is par- 
ticularly clear when the Mn substitution is compared 
with others. In Fig. ^ we show Tc(x) for MgB2 crys- 
tals substituted with Mn for Mg, and electron-doped Al 
for Mg and C for B. The dramatic suppression of Tc for 
the Mn-substituted crystals seems to be a pure magnetic 
pair-braking effect, because any essential changes of the 
electronic structure are not expected for the reason that 
Mn substitutes as isovalent Mn^+, as we discuss below. 
This requires strong interaction between the localized 3d 
electrons of Mn and conduction (mostly) 2s2p electrons 
of B even if we realize that the magnetic impurities are 
located at the Mg sites, which are spatially separated 



from the B planes. A large difference between the Tc 
suppression rates for magnetic and nonmagnetic substi- 
tutions is consistent with orthogonality of the cr and tt 
orbitals and, consequently, with the much smaller inter- 
band than intraband scattering. An interesting issue is 
if so fine substitution of Mn for Mg, which yet changes 
Tc so rapidly, modifies the a and n intraband scattering 
and influences the cr-band anisotropy. This we discuss in 
the paragraphs devoted to properties of the upper critical 
field. 

The normal state magnetization was measured on in- 
dividual single crystals (typically to ~ 25 /ig) and on an 
assembly of 25 crystals (0.88% Mn, total m ~ 847 fig) 
attached with vacuum grease to a nonmagnetic sample 
holder. The presence of Mn ions manifests itself in a 
Curie- Weiss contribution that dominates M(T) even at 
the low Mn concentrations of < 1%. An example of the 
M(T) dependence is shown in Fig.[51for the multi-crystal 
assembly. For individual crystals, M{H) curves were 
measured at various temperatures to calculate M[T), 
since the small crystal mass and the low Mn content 
resulted in ^ 10~® - 10~^ mol Mn. The normal state 
magnetic moment was analyzed according to the formula 
M(T) = Mo + CV(T + 9), where C*/{T + 6) is the 
Curie- Weiss contribution associated with the Mn local 
moments. The effective interaction temperature @ is 
found to be < 2 K, reflecting the high dilution of the 
Mn ions. The value of C* is shown in the inset of Fig- 
ure |5l for M{T) measurements in fields up to 5 T, and 
for H either parallel to or 70° off the crystal a6— plane. 
C*{H) is isotropic within the measurement limits and 
grows linearly with H , as expected. 

The magnitude of the local-moment Curie- Weiss part 
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FIG. 5: Temperature dependence of the magnetic moment 
M at a constant field ^oH = 5 T for MgB2 single crystals 
substituted with 0.88% of Mn. The sample consists of 25 
crystals with Tc ~ 28(±1) K and a total mass of 847 /ig 
(1.61-10"'^ mol Mn). The inset shows the Curie part C* of the 
M{T) dependence as obtained from the experiment (circles). 
The lines are the expectations for C* based on Mn^"^ (solid 
lines) or Mn''"'" (dashed lines) in the high-spin (HS) and low- 
spin (LS) configuration. The measurements reveal Mn to be 
divalent in the low-spin configuration. H was oriented either 
parallel to the afc-plane (open circles) or 70° off the a6-plane 
(solid circles). 



of M{T) reveals unambiguously that Mn in MgB2 is in 
the divalent state, isovalent to Mg. The lines in the 
inset of Fig. |5l are the calculated values of C*{H), as- 
suming Mn^+ and Mn^+, in either high-spin or low-spin 
state. The measured data, which correspond to to™ ~ 
1.7 fj,B per Mn ion, are in excellent agreement with low- 
spin Mn^"*", and they are clearly distinct from the alter- 
native states. Thus, we conclude that the crystal field 
acting upon the d electrons is strong enough to produce 
a low-spin configuration with an effective S = 1/2. Mea- 
surements on other crystals, including one with 6.5% Mn, 
lead to the same conclusion. 

Information on the d-electron configuration can be de- 
duced also from X-ray absorption spectroscopy (XAS). 
The 2p to 3d XAS spectrum in transition metals has been 
proved to be a sensitive probe to their electronic ground 
stateiS It is possible to calculate the XAS spectrum with 
a standard Cowan code^ based on an atomic model, and 
compare it to the experimental spectra. This approach 
is very suitable for the determination of the valency of 
transition metal impurities in crystals. In Fig.|Blwe show 
the experimental TEY and TFY spectra (see Experimen- 
tal) together with the atomic model calculations without 
and with a cubic crystal field, which mimics the presence 
of the solid around the Mn ion. In the upper panel of 
the figure the TEY spectrum shows the typical shape of 
the high-spin Hund's rule ground state. The TFY mea- 
surements, though the resolution doesn't allow to dis- 
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FIG. 6: (a) XAS spectra for the TEY and the TFY experi- 
ments on MgB2 single crystals substituted with 6.7% of Mn. 
In the TEY mode, the spectrum is probably dominated by a 
MnO surface layer, while the TFY mode is more sensitive to 
the bulk, (b) Atomic model calculations for the 3d* ground 
state of Mn in the low-spin (LS) and high-spin (HS) configu- 
ration. All the curves are shifted for clarity. 



tinguish very clear features, shows a shoulder on the low 
energy side of the L2 edge and a shift of the white line by 
about 2 eV towards higher energies. In the lower panel 
we plot three simulations of the Mn^+ XAS spectrum 
without considering any crystal field and with a cubic 
crystal field just above the high-spin to low-spin transi- 
tion value, which for Mn is around 2.4 eV. The ligand 
field value at the Mn site has been obtained performing 
a band calculation assuming the MgB2 crystal structure 
and replacing all the Mg atoms with Mn atoms; this cal- 
culation gives a crystal field value of about 2 eV, which 
as a first approximation is close enough to the value nec- 
essary to induce the high-spin to low-spin transition in 
Mn. The effect of the crystal field on the spectrum is 
to shift the white line at higher energies by an amount 
which is related to the crystal field value itself; a peak on 
the low energy side of the spectrum also arises, which in 
a spectrum with lower resolution becomes a pronounced 
shoulder. Our interpretation is that a layer of MnO is 
probably present on the surface of the sample, giving 
to the TEY spectrum the typical shape of the high-spin 
ground state. However, the TFY spectrum reveals the 
bulk properties of the sample, suggesting that the Mn^"*" 
ions are in a low-spin configuration induced by the crystal 
field effect. This result is consistent with our magnetic 
measurements, discussed above. 

The upper critical field, Hc2, has been determined from 
magnetic moment measurements performed as a function 
of temperature at constant field or versus field at constant 
temperature. In Fig. we show examples of M{T) and 
M{H) results for the crystal substituted with 0.88% of 
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FIG. 7: Diamagnetic response of the MgB2 crystal substituted 
with 0.88% of Mn. Shown are examples of measurements in 
constant field or at constant temperature (inset), for the two 
main orientations of the field. The transition temperature 
Tc and the transition onset temperature Tco are marked by 
arrows. 



Mn. The results have been obtained with a field oriented 
parallel, and perpendicular, H'^^ to the a6-plane. 

The superconducting transition temperature and the 
transition onset temperature Tco have been defined as 
shown in the Figure. The difference between Tc and 
Tco obviously depends on the field orientation and value, 
however this modifies the Hc2 (T) results only slightly (see 
Fig. |SJ). Extensive sets of data similar to these presented 
in Fig. Ul are analyzed to construct the Hc2-T phase di- 
agram. Figure |H1 shows the upper critical field of the 
Mgi_;j;Mn^B2 crystals with x = 0.0042 and 0.0088, and, 
for comparison, of the unsubstituted compound. For the 
heavily doped crystal, special attention has been paid to 
obtain accurate Hc2 values at low fields to determine the 
upper critical field slope, dHc2/dT, near Tc. For this 
crystal {x = 0.0088, Tc = 26.8 K), dnoHc2/dT at Tc is 
equal to -0.205(±0.005) and -0.100(±0.005) T/K, for H 
oriented parallel and perpendicular to the a6-plane, re- 
spectively. These values are practically the same as for 
unsubstituted crystals: -0.21 and -0.10 T/K, respectively. 

According to the quasi-classic model of the two-band 
superconductor in the dirty limit (without magnetic im- 
purities), the temperature dependence of Hc2 close Tc is 
determined by the intraband scattering for the band with 
a maximum diffusivity, when assumed that the intraband 
and interband electron-phonon coupling constants are 
finite>S^*S& For pure MgB2, the band with a maximum 
diffusivity is the 7r-bandfS2iSLS& Thus, the unchanged 
dHc2/dT, observed for the Mn-substituted MgB2 crys- 
tals close to Tc, suggests that the 7r-band diffusivity (or 
scattering) is not affected by the low-level substitution 
of magnetic isovalent ions for Mg. As a consequence, the 
diffusivity in the 7r-band remains dominant and the up- 



FIG. 8: Upper critical field Hc2 versus temperature for the 
Mgi_a;Mna;B2 single crystals with x — (diamonds), 0.0042 
(circles) and 0.0088 (triangles, stars). The Hc2{T) data were 
obtained by magnetization measurements (solid symbols) or 
derived from torque measurements (open symbols), for the 
magnetic field H oriented parallel (solid lines) and perpen- 
dicular (dashed lines) to the afe-plane. The magnetization 
measurements were performed at constant H with increasing 
T (solid triangles) or at constant T with increasing H (stars). 
The doted lines show the Hc2{T) corresponding to the transi- 
tion onset temperature Tco (see Fig. . The lines are a guide 
for the eye. 



per critical field at zero temperature, i?c2(0), should be 
determined by Tc and the minimum diffusivity^^ i.e., the 
diffusivity in the <T-band. A roughly linear i?c2(0)-Tc re- 
lation is observed for the Mn-substituted crystals. Thus, 
the Mn substitution causes merely minimal changes in 
the TT-band and the cr-band diffusivity, and suppresses 
Tc by spin-flip scattering. Similar conclusions have been 
drown from a point-contact spectroscopy^ 

There are at least two mechanisms possible for the re- 
duction of Tc in MgB2 substituted with magnetic iso- 
valent ions. One is the impurity-induced (nonmagnetic) 
interband scattering and the second is the magnetic pair- 
breaking effect. The interband scattering alone is ex- 
pected to reduce Tc at most to about 25 K and, most 
likely, for the amount of substituted ions much higher 
than 2%^ii^ that for the Mn-substituted crystals sup- 
presses Tc to zero. Moreover, any significant modification 
of the interband scattering requires a substantial concen- 
tration of the impurity ions in the B plane rather than in 
the Mg plane,SiSa as shown for C-substituted MgB2i22i2a 
Thus, the main mechanism that controls Tc in the Mn- 
substituted MgB2 remains the magnetic pair-braking ef- 
fect. 

The overall temperature dependence of Hc2 is char- 
acterized mainly by a reduction of the scales when Mn 
is substituted. In particular, the anisotropy remains 
well pronounced, and so does the marked up-turn of 
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below Tc, which means that the two-band charac- 
ter determining Hc2{T) is essentially unaffected by Mn 
substitution. This is in line with the above-noted un- 
changed initial slope of dHc2/dT. In Fig. we show 
the temperature dependence of the upper critical field 
anisotropy, 7 — H^2/Hc2: for the MgB2 single crystals 
substituted with 0.42% and 0.88% of Mn. For compar- 
ison, the anisotropy for non-substituted, Al-substituted, 
and C-substituted crystals is also presented. At low tem- 
peratures, a large reduction of 7 from 6 to 3.3 is observed 
for the crystal with 0.88% of Mn. Along with the lower- 
ing of 7, its temperature dependence weakens. This be- 
havior, observed for the MgB2 crystals substituted with 
magnetic isovalent Mn^+, is similar to that obtained for 
the crystals substituted with electron-adding Al^+ . Simi- 
lar 7(r) dependencies are observed for crystals with sim- 
ilar Tc's but with much different Mn and Al contents 
(lower substitution) or for crystals with significantly dif- 
ferent Tc's (heavier substitution, see Fig. O. For exam- 
ple, 0.42% (~1%) of substituted Mn results in changes 
similar to those observed for 2.4% (~ 9%) of substituted 
Al. Thus, the mechanism that is responsible for the re- 
duction of the anisotropy and for changes of its temper- 
ature dependence has to be different in the both cases. 
Note, that the temperature dependence of 7 obtained for 
the Mn- and Al-substituted crystals differs significantly 
from that derived for the C-substituted crystals. This we 
discuss shortly in the next paragraph. 

The upper critical field anisotropy decreases with in- 
creasing temperature for both unsubstituted and sub- 
stituted crystals, as shown in Fig. For a weak- 
coupling multiband BCS model for two-gap superconduc- 
tors (without magnetic impurities), a negative anisotropy 
slope, d7/dr, is expected for the case when diffusivity 
in the 7r-band dominates^ This requirement seems to 
be fulfilled in the clean non-substituted or C-substituted 
MgB2 , where C on the B position decreases the diffusivity 
mainly in the cr-band, as shown for C-substituted single 
crystals^ and epitaxial thin films 1^ Thus, the negative 
slope d7/di, which at lower temperatures {t — T/Tc < 
0.5) is similar for non-substituted and C-substituted crys- 
tals (see Fig. 1^1), is fully consistent with this prediction. 
On the other hand, when the diffusivity in the cr-band 
dominates, 7(T) is expected to be less temperature de- 
pendent, or d7/di may even become positive^Sii^ The 
diffusivity in the cr-band may dominate, when the scat- 
tering in the 7r-band increases substantially, e.g., due to 
the substitution of Al for Mgi24 Both Mn and Al substitu- 
tions show a tendency to lower |d7/di| with the increas- 
ing amount of substituted ions. For an unsubstituted 
crystal (T^ = 38.2 K), |d7/dt|= 2.6 at t = 0.4 and de- 
creases slightly to about 2.3, for the crystals with 0.42% 
of Mn (Tc = 33.9 K) or 2.4% of Al (T^ = 35.3 K), and 
more significantly to 0.91 and 0.42, for the crystals with 
0.88% of Mn {Tc = 26.8 K) and 9.2% of Al (T^ = 32.0 K), 
respectively. 

For the Al-substituted crystals, the observed suppres- 
sion of |d7/dt| can be interpreted as a result of in- 




FIG. 9: Upper critical field anisotropy versus reduced temper- 
ature for the MgB2 unsubstituted single crystals (diamonds; 
Tc = 38.2 K) and substituted with Mn (squares; 0.42% Mn, 
Tc = 33.9 K; 0.88% Mn, = 26.8 K), Al (triangles; 2.4% Al, 
35.3 K; 9.2% Al, 32.0 K) and C (circles; 5% C, 34.3 K; 9.5% 
C, 30.1 K). The data for Al- and C-substituted crystals were 
derived from Hc2 (T) results published in Ref . and 



creased intraband scattering in the 7r-band. For the 
Mn-substituted crystals, the explanation seems to be dif- 
ferent, as dHc2/dT at Tc remains unchanged. Here, pair 
breaking due to spin-flip scattering appears to dominate 
the reduction of Tc and the Hc2 anisotropy. A reduction 
of the energy gap due to spin-fiip scattering is expected 
to be different for both bands and thus the ratio A^r/ A^^ 
may vary with temperature in a way that is different 
from that in unsubstituted MgB2. The details can be 
worked out through T-dependent gap spectroscopy re- 
vealing changes in the magnitude and weakening of the 
temperature dependence of Aq- and due to spin-fiip 
scattering. Such spectroscopic studies may also reveal if 
some of the scenarios discussed theoretically for magnetic 
pair breaking in MgB2 apply to this compoundiS& 

Studies of stronger Mn- and Al-substituted single crys- 
tals are in progress to examine, among others, the ques- 
tion if d7/dr changes to positive, when the cr-band dif- 
fusivity becomes larger than the 7r-band diffusivity, or 
saturates at the value ~ 0, as expected for a single-gap 
superconductor. Recently, d7/dT > has been observed 
for Al-substituted polycrystalline Mgi„2;Al3;B2 with x = 
0.2.^^ This suggests that for larger x, an inversion of the 
two-band hierarchy may appear, as a result of changes in 
the interband pairing strength, due to appropriate modi- 
fications of the Coulomb pseudopotential.^^'A^S, The inver- 
sion of the two-band hierarchy has just been observed by 
electron energy-loss spectroscopy for heavily substituted 
polycrystalline Mgi_a;Al2;B2 with x > 0.33f2Z. For the C- 
substituted crystals, an almost parallel shift of the j{T) 
dependence is observed. Thus, it will be interesting to 
see if 7 drops below 1 {Hc2 < Hc2), for crystals with C 
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content larger than 10%, when the intraband and inter- 
band electron-phonon couphng constants are predicted 
to decrease and become similar 

IV. CONCLUSIONS 

We have studied the influence of Mn substitution on 
the superconducting properties of MgB2 by growing sin- 
gle crystals with Mn concentrations up to 7%, and mea- 
suring their magnetic properties and X-ray absorption 
spectra. Mn suppresses Tc very effectively at an initial 
rate of ~ 10 K/%Mn, and Tc is fully suppressed at ~ 2% 
of Mn. The temperature dependence of Hc2{T) and 7(T) 
obtained for the Mn-substituted single crystals is similar 
to that reported previously for MgB2 substituted with 
nonmagnetic Al, provided that the crystals with similar 
Tc are compared. This suggests that in MgB2, where 
Mg is substituted with magnetic or nonmagnetic ions, 
the main parameter that controls both Hc2{T) and 7(T) 
is the superconducting transition temperature, irrespec- 
tive of the mechanism responsible for the Tc suppression. 
For Mn-substituted MgB2, this suppression is found to 
be due to the magnetic pair-breaking effect caused by 
Mn ions, as Mn substitutes for Mg isovalently as Mn^+ 
in the low-spin (5 = 1/2) configuration. Along with 



the reduction of Tc, the upper critical field -ffc2(0) and 
its anisotropy are also reduced, while the initial slope 
dHc2/dT near Tc and the associated anisotropy remain 
essentially unaffected. These results suggest that the 
magnetic Mn substitution predominantly influences the 
superconducting properties through spin-flip scattering, 
leaving the diffusivity in the a and tt bands largely unaf- 
fected. A further treatment will have to include the de- 
tailed knowledge of the influence of magnetic pair break- 
ing on the a and tt bands in MgB2 and the resulting 
modification of the electronic properties of this two-gap 
superconductor. 
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